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ABSTRACT 

We used ultraviolet (UV) radiation to induce mutation in three locally isolated strains of Escherichia coli. 
Different dilutions of bacterial cultures were exposed to UV lamp of 254 nm wavelength for different time 
intervals at varied distances ranging from 5 to 210 sec and 5 to 100 cm. Viable colonies were screened for 
mutants with an increased production of penicillin G acylase (PGA) and a reduced production of p- 
lactamase, which are the desired properties of PGA producing industrial strains. A survival curve was 
made to get optimum exposure time and distance. The survival percentage for each exposure period was 
calculated and 1-5% survival was found useful for obtaining mutants with desired change. Screening for 
PGA and p-lactamase constitutive and/or deficient mutants was made by Serratia marcescens overlay test. 
A total of 100 survivors were selected of which 49% expressed PGA activity higher than the parent strain. 
Frequency of P-lactamase constitutive and deficient mutants was 48 and 52%, respectively. The best 
hyper -producing mutant (BDCS-N-M74), with almost negligible expression of P-lactamase, exhibited 
three-fold (22.5 mg 6-APA h" 1 mg -1 wet cells) increase in PGA activity compared with that in the parent 
strain (6.7 mg 6-APA h" 1 mg" 1 wet cells). The results indicated the successful induction of UV mediated 
mutation in E. coli for PGA hyper -producing mutants lacking p-lactamase activity. 

Key words: Escherichia coli, mutation, penicillin G acylase expression, UV irradiation. 



INTRODUCTION 

Penicillin G acylase (PGA) is an industrially important 
enzyme used for the production of 6-aminopenicillanic acid (6- 
APA), which is a starting compound for the synthesis of p- 
lactam antibiotics (21). p-lactamases on the other hand, are 
microbial enzymes that convert p-lactam antibiotics into 
biologically inactive metabolites such as penicilloic acid and 



penicic acid (14). The coexistence of PGA and p-lactamases in 
wild bacterial strains is one of the major factors responsible to 
reduce the biosynthesis of 6-APA (7). Genetic and protein 
engineering techniques are used to manipulate E. coli to 
overcome this major limiting factor in acquiring high level of 
PGA production (10). 

Strategies for hyper-production of PGA using recombinant 
DNA technology are well-documented (8, 10, 15). Few reports 
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are also available on mutagenesis in bacterial strains by UV 
radiation and/or A^-methyl-A^'-nitro-A^-nitrosoguanidine 
(MNNG) for achieving the same objective (12, 16). Successive 
treatment with UV, gamma-irradiation and ethylmethane 
sulfonate has been used to obtain a Beijerinckia indica mutant 
producing 168% more penicillin V acylase (4). Site-directed 
mutagenesis is also conducted to investigate which residues 
and interactions influence the performance of PGA in the 
formation of p-lactam antibiotics (1, 3, 19). However, none of 
these studies reported the UV induced mutants with completely 
lacking or reduced expression of p-lactamase. We previously 
reported that the treatment of E. coli cells with acridine orange 
(AO) could result in mutants with enhanced production of PGA 
and inactivation of p-lactamase (6). In the current study, we 
designed experiments to induce mutations through UV 
irradiation in different E. coli strains for enhancing their ability 
to produce PGA and to reduce and/or eliminate p-lactamase. 
As a pre-requisite, we standardized appropriate (i) culture 
conditions, (ii) exposure time and (iii) distance from UV lamp 
to the cells to be exposed. Our objective was to assess the 
potential of UV radiation to induce mutations for enhancing 
PGA production and to reduce/eliminate the activity of p- 
lactamase. 

MATERIALS AND METHODS 

Bacterial cultures and serial dilutions 

Three wild-type E. coli strains BDCS-N-S21, BDCS-N- 
W50 and BDCS-N-FMulO (5) were used in this study. These 
strains were grown in Luria Bertani (LB) broth at 37°C with 
shaking at 150 rpm. Fresh overnight grown cultures (40 ml) 
with a cell density of about 2 x 10 8 cells ml" 1 (OD 600 = 0.4) 
were chilled on ice for 5 to 10 min and were divided into 8 
tubes each containing 5 ml of culture. Culture from each tube 
was harvested by centrifugation for 5 min at 5000 to 6000 x g. 
Pellets were re-suspended in an equal volume of 0. 1 M MgS0 4 
and were placed on ice for 5 to 10 min. For each exposure 
time, cell suspension was spread evenly on a sterilized petri 
plate. 



Irradiation of cultures and induction of mutations 

Miller's (18) protocol was modified for induction of 
mutation through UV irradiation. The plate containing cell 
suspensions was placed on an adjustable platform below a UV 
germicidal lamp (254 nm) fixed in a chamber. The UV 
irradiation was carried out by adjusting the distance between 
UV lamp and culture plate from 5 to 100 cm and exposure 
times from 5 to 210 sec. In original protocol (18), distance of 
37 cm was fixed between UV lamp and culture plate. 

Irradiated and control samples were immediately diluted 
serially at 4°C. Three aliquots from a particular dilution were 
irradiated (as three replicates) for each UV dose. About 0.1 ml 
each from these dilutions (10 2 , 10" 4 , 10" 5 , 10" 6 , 10" 7 ) was plated 
and viable colonies were counted after incubation made in dark 
at 37°C for 24 h. The frequencies of viable cells (CFU ml" 1 ) in 
the total bacterial population were determined by comparing 
the number of colonies to the volume of sample plated and 
dilution used. Five dilutions were used in the present study 
whereas previously only three dilutions (10 3 , 10" 4 , 10" 5 ) were 
utilized for this purpose (18). The dilution giving the most 
suitable growth was selected. 

Growth and survival curves 

The irradiated and un-irradiated (control) cells taken from 
different dilutions, distance and exposure time were spread 
immediately on respective agar plates for determination of 
surviving fractions. After overnight incubation at 37°C, the 
viable colonies were recorded and survival curves (semi-log) 
were constructed by plotting the log of the surviving fraction 
against the time of exposure. All these conditions were 
standardized using one bacterial strain BDCS-N-FMulO. These 
optimized conditions were used for analyzing mutations in 
three strains. 

Screening of mutants for p-lactamase and PGA expression 

The irradiated samples (0.25 ml) were inoculated in 5 ml 
of LB medium and incubated overnight at 37°C with aeration. 
About 0. 1 ml each of overnight culture from irradiated samples 
and un-irradiated control were plated on LB agar (to monitor 
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viable cells) and on nutrient agar (NA) supplemented with 1% 
starch (to test for p-lactamase positive and negative mutants). 
Plates were incubated overnight at 37°C and viable cells in 
each culture plates were calculated. After scoring viable cells, 
culture plates with 1% starch were stained with penicillin 
solution (20 mg of penicillin G ml" 1 ) containing 0.1 M iodine in 
0.4 M KI (6). p-lactamase deficient survivor colonies were 
screened for evaluation of PGA expression using S. 
marcescens overlay plate assay and spectrophotometric PDAB 
method (6). One unit of PGA activity was defined as the 
amount of 6-APA produced h" 1 mg" 1 wet cells under assay 
conditions. 

RESULTS 

Serial dilutions v/s exposure time: effect on bacterial 
survival 

The results of effect of UV (254 nm) irradiation on 
survival of three E. coli strains (BDCS-N-S21, BDCS-N-W50 
and BDCS-N-FMulO) are shown in Fig. 1. Exposure of strains 
in the dilution of 10" 2 to 10" 5 to UV irradiation for 5 to 120 sec 
appeared to have no significant effect on bacterial survival 
even after 45 sec of exposure. It appeared that 10" 2 to 10" 6 
dilutions of control (un-irradiated) and irradiated samples 
produced a large number of bacterial colonies which could not 
be counted accurately. However, in 10" 7 dilution of both 
irradiated and un-irradiated samples, well-spread colonies were 
observed which could be counted easily. Increasing dilution to 
and beyond 10" 6 significantly reduced bacterial survival even 
after 30 sec of exposure (Fig. 1A-C). This reduction was 60% 
in BDCS-N-W50 and 75% in BDCS-N-S21 and BDCS-N- 
FMulO when exposed in the dilution of 10" 7 . Further increase 
in exposure time to 120 sec, reduced progressively the 
percentage of survival in all the strains with minimum (0.4%) 
observed in BDCS-N-S21 and BDCS-N-FMulO (Fig. 1A and 
1C) while the maximum survival (0.6%) was observed in 
BDCS-N-W50 in dilution 10" 7 (Fig. IB). Increase in exposure 
time beyond 120 sec resulted in complete killing of the cells 
(data not shown). The most suitable dilution for mutation study 
was chosen after this preliminary test for percentage of 



survival. Since bacterial survival adequate to detect mutations 
was observed in 10" 7 dilution exposed for 30-90 sec, these 
conditions (exposure time and 10" 7 dilution) were therefore 
selected for mutation frequency analysis. 
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Figure 1. Comparison of percentage of survival of bacterial strains 
(A) BDCS-N-S21, (B) BDCS-N-W50 and (C) BDCS-N-FMulO 
in various dilutions 10" 2 (•), 10" 4 (o), 10" 5 (■), 10" 6 (□) and 10" 7 
(A) after different times of UV exposure. 
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Interaction of dilutions with exposure times: effect on 
bacterial survival 

The percentage of survivors in all the strains decreased 
with the increase in exposure to UV irradiation however, the 
pattern of reduction in survival was different for the three 
strains (Fig. 2). The survival reduction in BDCS-N-S21 
growing at 10" 7 was the lowest (29%) and in BDCS-N-FMulO 
the highest (65%) after 15 sec of exposure. Further increase in 
exposure time from 30 to 45 sec significantly widened the 
difference between the three strains. Overall, the highest 
survival percentage after every exposure time was observed in 
BDCS-N-W50. 




0.1 I ' 1 1 1 1 1 1 

0 15 30 45 60 75 90 120 

Time of UV exposure (sec) 

Figure 2. Effect of UV exposure given to three bacterial strains 
BDCS-N-S21 (A), BDCS-N-W50 (o) and BDCS-N-FMulO (•) 
in 10" 7 dilution. 

Effect of distance from UV source on bacterial survival 

Figure 3 shows the survival rate of three bacterial strains 
(BDCS-N-S21, BDCS-N-W50 and BDCS-N-FMulO) in 10 -7 
dilution after exposed for 75 sec from various distances (5 to 
100 cm). Increase of the exposure distance of the strains to UV 
from 5 to 10 cm, accounted for a sharp increase in survival 
percentage (0.1 to 2.9%). The bacterial survival progressively 
increased up to 19% when the distance was increased from 20 
to 50 cm. Further increase in distance to 50 cm resulted in 
more or less 40% survival. Maximum percentage of survivor 



colonies was obtained at greater distance and a similar trend 
was observed in all the strains for different exposure times 
(data not shown). Hence, UV exposure at a distance of 10 cm 
from the lamp was selected to analyze mutation frequency. 



100 




Distance (cm) 

Figure 3. Effect of UV exposure given from various distances 
of UV irradiation on percentage of survival of three bacterial 
strains BDCS-N-S21 (A), BDCS-N-W50 (o) and BDCS-N- 
FMulO (•) in 10" 7 dilution. 

Selection of mutants from UV irradiated population 

Table 1 exhibits frequency distribution of PGA and P- 
lactamase positive and negative mutants obtained from three 
strains. A total of 100 survivor colonies were selected from 
three strains. Our data showed that 52% survivors were p- 
lactamase deficient (negative) whereas 89% were PGA 
constitutive (positive). Among these, 49 expressed higher level 
of PGA expression than that of the respective parent while 40 
mutants contained less PGA activity than their parent (Table 
1). The frequency of p-lactamase negative mutants in BDCS- 
N-S21, BDCS-N-W50 and BDCS-N-FMulO was 13 (43.3%), 
29 (72.5%) and 10 (33.3%), respectively while those of P- 
lactamase positive mutants, with less activity than the parent, 
was 17 (56.7%), 7 (17.5%) and 20 (66.7%), respectively. Only 
four (10%) mutants in BDCS-N-W50 had higher p-lactamase 
level than the parent. Similarly, frequency of mutants in 
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BDCS-N-S21, BDCS-N-W50 and BDCS-N-FMulO expressing 
higher PGA activity than that of the parents was 17 (56.7%), 
19 (47.5%) and 13 (43.3%), respectively, while those 
expressing less than the parents remained 11 (36.7%), 20 



(50%) and 9 (30%), respectively. Overall, BDCS-N-W50 
produced the highest number (29) of p-lactamase negative as 
well as the highest number (19) of mutants that exhibited PGA 
activity higher than the parent (Table 1). 



Table 1. Percentage frequency of mutants for penicillin G acylase (PGA) and p-lactamase (p-lact) activity after UV irradiation 



Enzyme 




Strains 
No. of mutants (%) 






BDCS-N-S21 


BDCS-N-W50 


BDCS-N-FMulO 


Total 


PGA +> 


17 (56.7)* a 


19 (47.5) b 


13 (43.3) c 


49 (49) b 


PGA +< 


11 (36.7) b 


20 (50) a 


9 (30) c 


40 (40) d 


PGA - 


2 (6.7) b 


1 (2.5) c 


8 (26.7) a 


11 (ll) e 


p-lact +> 


0(0) b 


4(10) a 


0(0) b 


4 (4 ) f 


p-lact +< 


17 (56.7) b 


7 (17.5) c 


20 (66.7) a 


44 (44 ) c 


P-lact" 


13 (43.3) b 


29 (72.5) a 


10(33.3) c 


52 ( 52) a 



+> greater than parent; +< less than parent; - Nil; Values outside the parenthesis correspond to the number of mutants and those inside correspond 
to the percentages; "Numbers with different letters are significantly different at P < 0.05 with Duncan's Multiple Range (DMR) test. 



Effect of time and distance of exposure on the frequency of 
mutants for PGA and P-lactamase expression 

The mutation frequency of PGA and p-lactamase 
constitutive/deficient mutants analyzed at a set distance of 10 
cm for varying exposure times is shown in Fig. 4A-C. The 
percentage of survivors decreased consistently for UV 
exposure from a distance of less than 5 cm. The highest 
frequency of PGA hyper producing mutants in BDCS-N-S21 
(four) and BDCS-N-W50 (eight) was retained after 45 sec of 
exposure (Figure 4A and 4B). In BDCS-N-W50, seven out of 
eight PGA hyper-producing mutants induced after 45 sec of 
exposure, exhibited negligible p-lactamase expression (Fig. 
4B). In BDCS-N-FMulO, the highest number of mutants (four) 
with increased PGA activity was recorded after 30 sec of 
exposure. Among these, two mutants expressed negligible P- 
lactamase activity whereas the remaining two displayed less p- 
lactamase activity than the parent (Fig. 4C). Overall, four 
mutants obtained from BDCS-N-FMulO expressed reduced p- 



lactamase activity at UV exposure of 30 and 45 sec and three at 
60 to 120 sec. In BDCS-N-W50, a total of four mutants 
displayed p-lactamase activity higher than the parent at UV 
exposure of 15, 60, 75 and 120 sec. However, at varying times 
of exposure, none of the mutants in BDCS-N-FMulO and 
BDCS-N-S21 manifested higher p-lactamase level than their 
parents. 



(A) 



2 




30 45 60 75 90 
Exposure time (sec) 



1137 



Arshad, R. et al. 



Penicillin G acylase expression in E. coli 



(B) 




15 30 45 60 75 
Exposure time (sec) 



90 



120 



(C) 



e 

O 

6 

Z 




45 60 75 
Exposure time (sec) 



Figure 4. Effect of time of UV exposure on the frequency of mutants for penicillin G acylase (|| greater than parent; less than parent; Nil) 
and P-lactamase <| greater than parent; less than parent; □ Nil) activity; (A) BDCS-N-S21, (B) BDCS-N-W50, (C) BDCS-N-FMulO (UV 
lamp was set at 10 cm from cells). 



Effect of UV on PGA and p-lactamase expression 

The induced mutants obtained from the three strains 
produced considerable amounts of 6-APA with negligible 
expression of p-lactamase (Table 2). One-way ANOVA 
revealed a highly significant difference among mutants and 
parents (F 2 i, 44 = 1464.1; P < 0.05). Duncan's Multiple Range 
(DMR) Test (P < 0.05) indicated that mean PGA expression 
level was significantly higher in two mutants BDCS-N-M71 
and BDCS-N-M74 obtained from BDCS-N-FMulO and one 
mutant BDCS-N-M20 obtained from BDCS-N-S21 than then- 
parents. These hyper -producing mutants displayed more than 
three-fold increase in PGA expression. The best hyper- 
producing mutant (BDCS-N-M74), with almost negligible 
expression of p-lactamase produced 22.5 mg 6-APA h" 1 mg" 1 
wet cells compared to the parent strain BDCS-N-FMulO that 
produced 6.7 mg 6-APA h" 1 mg" 1 wet cells. 

DISCUSSION 

Ultraviolet (UV) radiation is one of the simplest and most 
convenient ways to induce mutations in bacteria (23) and is 
used for enhanced ethanol production (20), induction of 
alcohol tolerance in yeast (22), improvement in clavulanic acid 
production in Streptomyces clavuligerus (17) and bio- 
insecticides production in Bacillus thuringenesis (13). The 
catalytic efficiency and substrate specificity of penicillin 
acylase producing bacterial strains have also been improved 



through UV radiations (12). These mutations result in changes 
in the production of microbial metabolites and enzymes. More 
commonly the mutations result in death, so increased amounts 
of UV radiation most likely correspond to increased cell death 
(24). In the current study, we optimized bacterial culture 
dilutions, UV exposure distance and time for induction of 
mutation. Our results reflected significant variations among 
three strains with respect to their survival at different dilutions, 
UV exposure distance and time. In most of the cases, 10" 7 
dilution and exposure time of 30-90 sec that reduced bacterial 
survival to <1% was found suitable for the selection of mutants 
exhibiting enhanced PGA production with reduced/eliminated 
P-lactamase expression. A survival rate of 1 to 5% is 
considered optimum for screening of mutants (11) however, for 
UV mutagenesis a survival rate of 0.1 to 1% is often used 
because of its low mutagenic efficiency (18). A low survival 
(0.8%) is achieved by exposing bacterial cells in 10" 3 dilution at 
a distance of 37 cm for 75 sec (18). We obtained this survival 
rate (<1%) in 10" 7 dilution by UV exposure for 90 sec from a 
distance of 10 cm. This exposure time and dilution not only 
resulted in the death of the cells but also induced mutation of 
variable frequency depending upon the strain. Our results 
showed that the exposure time is directly related to the distance 
between the sample and the UV lamp. Moreover, the rate of 
survival depends on the distance and time of UV exposure. 
Thus, the survival rate decreased with increasing distance from 
the UV lamp and required somewhat longer exposure to UV. 
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Table 2. Relative penicillin G acylase and p-lactamase activities of parent and mutant strains 



Parent strain 


Mutant # 




Enzyme activity 




E. coli 




Penicillin G acylase 


P-lactamase 






Inhibition zone 


mg 6-APA h" mg" wet cells 


Zone around 






diameter (mm) 


Mean activity ± S.D. 


colony (status) 


BDCS-N-S21 


BDCS-N- 


15 


6.5*r + 0.1 


White (+) 




M10 


25 


18.2e + 0.26 


Nil (-) 




Mil 


22 


14.0j +0.17 


Nil (-) 




M15 


26 


18.0e + 0.17 


Nil (-) 




M17 


25 


17.5f +0.2 


Nil (-) 




M18 


26 


18.9d + 0.2 


Nil (-) 




M20 


28 


21.6b + 0.26 


Nil (-) 




M22 


22 


12.6k + 0.17 


Nil (-) 




M25 


23 


15.0i + 0.2 


Nil (-) 




M26 


23 


15.5h + 0.2 


Nil (-) 




M28 


19 


8.8O + 0.3 


Nil (-) 


BDCS-N-W50 




16 


6.3r + 0.17 


White (+) 




M41 


18 


7.7p + 0.26 


Nil (-) 




M51 


18 


7.2q + 0.17 


Nil (-) 




M59 


20 


9.4n + 0.36 


Nil (-) 




M66 


21 


10.3m + 0.26 


Nil (-) 




M70 


22 


11.21 + 0.2 


Nil (-) 


BDCS-N-FMulO 




16 


6.7r + 0.26 


White (+) 




M71 


26 


19.3c + 0.35 


Nil (-) 




M74 


29 


22.5a + 0.17 


Nil (-) 




M75 


24 


17.0g + 0.26 


Nil (-) 




M83 


21 


9.5n + 0.3 


Nil (-) 


One-way analysis of 






F= 1464.1*** 




variance (ANOVA) 






d.f. = 21,44 
P < 0.05 





6-APA: 6-aminopenicillanic acid; (+): positive; (-): negative; Data correspond to mean (+ standard deviation) for three independent 
experiments for each strain; *Means with different letters are significantly different with Duncan's Multiple Range (DMR) test at P < 0.05. 



The highest number of PGA hyper -producing mutants 
(eight) with almost negligible p-lactamase expression was 
derived from BDCS-N-W50 by UV exposure for a period of 45 
sec. Probably, this strain was more amenable to mutation or the 
UV dose used to induce mutation was more appropriate for this 
strain than for others. Though the remaining two strains i.e., 
BDCS-N-FMulO and BDCS-N-S21 were also responsive to 
UV, a comparatively low number of promising mutants (four 
each) was obtained from these strains by an exposure of 30-45 
sec. This indicated that every strain reacts differently to UV 
and requires specific conditions for inducing desired mutation. 
When a DNA damaging and mutagenic agent like UV light is 
experimentally used as a selective factor, natural resistance of 
bacteria to this agent is normally increased through processes 
of mutation and selection (2). Therefore, different strains give 



rise to different grades of UV resistance and consequently the 
mutation frequency. Failure to detect mutations from 10" to 
10" 5 dilutions could be due to mat like growth of bacterial cells 
in which shielding effect might have masked the frequency of 
surviving cells which in turn made the detection of mutated 
colonies difficult (9). Thus our work suggests that the 
conditions optimized to induce mutation in one strain may not 
work well for other strains and vary considerably depending 
upon the specific objective to be achieved. 

It appeared that UV radiation induced mutation in the 
DNA of E. coli strains and caused a certain percentage of the 
cells to die. It was also clear that the number of survivors 
decreased as the amount of radiation increased. Moreover, it 
was interesting to know that most of these survivors were 
capable of expressing higher PGA levels than their parent. The 
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general spectrum of mutations showed the highest number of 
mutants lacking p -lactamase activity with enhanced PGA 
expression while the strain specific spectrum showed the 
highest number of required mutants in BDCS-N-W50. A two- 
fold increase in PGA expression with reduced or negligible P- 
lactamase activity has previously been reported in a mutant 
strain (BDCS-N-M36) derived from the AO-treated E. coli 
strain (6). In the present study, three mutants displayed three- 
fold increase in PGA expression. Among these, the best PGA 
hyper-producing mutant (BDCS-N-M74), with almost 
negligible expression of p-lactamase, exhibited more than 
three-fold (22.5 mg 6-APA h" 1 mg -1 wet cells) increase in PGA 
expression compared to the parent strain (6.7 mg 6-APA h" 1 
mg" 1 wet cells). To the best of our knowledge, this is the first 
report describing a novel aspect of the UV mediated induction 
of mutation in E. coli which resulted into the changes in the 
expression levels of PGA and P-lactamase. This study 
therefore, confirmed that (i) despite having low mutagenic 
efficiency, UV radiation can be used to generate E. coli 
mutants with increased PGA and reduced p-lactamase 
expression (with respect to the parent); (ii) the level of 
improvement achieved presently can further be enhanced using 
some other strains amenable to mutation induction. 
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